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A B S T R A c 1 The relationship of riboflavin transport to the tranisport ofother suI)stances includinig drugs in ral)bit choroid plexus, the anaiatomical locus of the blood-cerebrospinal fluid barrier, and brain cells were stuidied in vivo and( in vitro. In vitro, the ability of rabbit choroi(d plexus to trainsport riboflavin from the imediumil (cerebrospinal fluid surface) through the choroid plexus epithelial cells into the extracellular anid vaseculatr spaces of the choroid plexus was docuimented using fluoreseence microscopy. These sttudies provided further evideniee that riboflavin is tranisported fromii cerebrospinal fluidl to blood via the choroid plexuLs. The trainsport of [14C] riboflavin by the isolated choroid plexus was inhibited by thiol agents, ouabain, theophylline, various flavins (lumiliflavini anid lumichrome > suigar containiing flavins), and cyclic organic acids including penicillin and(I fluorescein. Riboflavi,n inhibited [14C]penicillin tranisport competitively an(l the inhibition constant (K1) for riboflavin e(qualed the conieentrationi of riboflavin at which the saturable tranisport system for riboflavin is 50% saturated (KT). These acnd other data suiggest that riboflavin, penicillin, aind possibly fluoresceinl are tranisportedI by the same transport systemi in choroid plexus. In vivo, the intratventricular injectioni of riboflavin anid [14C lpenicillin inhibited [ These studlies support the niotions that: (a) riboflavinl aectiumiuilationi by choroid plextis (active triansport) is qtuite different froml thatt in brain cells (facilitated diffusioIn anId intracellular trapping), ancd (b) therapeutically imllpor'tanlt cy,clic organic acicls (e.g., Lpenicillin) are tranisported firom cerebrospinal fluidl1 bNy the riboflavin tranispoIt system in choroid plexuis.
INTRODUCTION
Many foreign substances inceluding several imiiportant drugs are transported fromii cerebrospiiial fluiid (CSF)' into blood by active trainsport (efflux) processes' located, in part, withini the choroid plexus (1, 2) . The choroidl plexus, the anatomiical location of' the blood-CSF barrier, contains at least three separate effluix trainsport systemns for anionis (the io(lide, stulfate, ancd cyclic or-ganiic acid systemils) as well as the efflux systemi(s) for organic lbases (1) (2) (3) . In vitro, the isolated choroi(d plexus conceintrates these substances by separate, atetive transport mechainisms (1, 2) . The cyclic organiic acid transport system within the choroid plextus (and possibly other sites in the central nervouis system) is the principal mechacnisnm for maintaining extremely low levels of cer-tain cIrtigs in CSF (e.g., peniicillini G) (1, 4) . The transport of these drtugs ouit of CSF comnplicates the therapy of several seriouis disorders of the central nervous systemii (CNS), e.g., iieninlgitis with certain peniicillinis aind cephalosporins, and(I imeninlgeal cancer with methotrexate (2, 4, 5) . We an(d others have speculated that these (druigs are transsported (by chance) fronm CSF on systems that trainsport enidogenous substances ouit of CSF.
This view of druig traniisport fromii CSF became tenable dutrinig our sttudies of riboflavin homneostasis in the CNS. Totall riboflavin levels (riboflavin, flavini 'Abbreviationis uised int this paper: CNS, cenitral nervous system; CPDS, 6,6' dithiodinicotinic acid; CSF, cerebrospinial fluid; T/M, tissue-to-miiediumii ratios; FAD, flavinl adeninie dinucleotide; FMIN, flavin monion ucleotide; 1,5', the concentration of inihibitor to depress uptake by 50%, NENI, N-ethylm11alei mi(de; KT, the concentration of ligan(i ait wlhich the satllral)le tranlsp)ort systein is .5()c/ saturated; olmax, thle ilaulxiimal transl)ort rate b)\ the saturablle transl)ort system. 2 In the presenit stud(lies, the wordl "transl)ort refers to the vitanter (riboflavin) or uniichalnged drug crossinig the cell boundary whereas "accumulatioin" and "uptake" refer to the observed level of intratisstc vitamin (riboflavin + FMN + FAI)) or drug.
mononucleotide [FMN] , and flavin adenine nucleotide [FAD]) in brain, unlike in liver and other organs, are maintained relatively constant even in the face of severe riboflavin deficiency or excess (6) . In brain, as in other tissues, rib)oflavin is enzymatically phosphorylated to FMN, which can then be converted to FAD (6, 7) . In vivo, total riboflavin homeostasis in brain depends, in large part, oIn saturable transport of riboflavin through the blood-brain barrier, saturable accumulation of riboflavin by brain cells via a high affinity (0.1 ,uM) accumulation process, and rapid, saturable probenecid-sensitive (efflux) transport of riboflavin from CSF (6) (7) (8) . In these three locations, riboflavin (not FMIN or FAD) is the principal moiety (vitamer) transported across cell membranes (8, 9) . In vitro, brain slices accumulate riboflavin by facilitated diffusion and intracellular trapping of riboflavin as FMN (and FAD); the isolated choroid plexus accumulates riboflavin by an active transport mechanism with a Michaelis-Menten transport constant (KT) = 78 uLM and a maximal transport rate by the saturable transport system (Ymax) = 0.11 mmol/min per kg (7, 8) .
The purposes of the present study were to: (a) characterize further the riboflavin transport and accumulation systems of the CNS, and (b) explore the relationship of the transport of several cyclic anionic drugs (e.g., penicillin) to riboflavin transport in the CNS. Besides extending our knowledge of the mechanisms of riboflaviin transport and accumulation in the CNS, the results showed that penicillin anid possibly fluorescein and other weak cyclic organic anions are transported from CSF to blood by the riboflavin transport system of choroid plexus.
NIETHODS
The following radiochemicals were purchased from Amer- (15.5 Ci/mmol). All experiments were performed on New Zealand white rabbits. Other materials were obtained from sources previously described (6) (7) (8) or are noted in Acknowledgments.
Fluorescent microscopy. To study the uptake of riboflavin by the isolated rabbit choroid plexus, advantage was taken of the marked fluorescence of riboflavin and methodology recently described by Bresler et al. (10) . Briefly, fluorescence microscopy was performed with a Leitz-Wetzlar Orthoplan Universal Large Field Microscope with a xenon lamp for fluorescence (E. Leitz, Inc., Rockleigh, N. J.). When fluorescence microscopy was used, epi-illumination was employed. Trans-illumination was used for white light photographs. An automatic Orthomat W microscopy camera with Kodak EK-135 Ectachrome film (ASA 400) (Eastman Kodak Co., Rochester, N. Y.) was used. To shorten exposure times, the film was used and developed at ani ASA of 800. For the fluorescence pictures, a G (3) filter block was used with an exciting filter (BP) of 350-460 nm and a suippression filter (LP) of 515 nm.
In our fluorescence mieroscopic sttuldies of choroid plexus acecumulation of riboflavin, isolated choroid plexuses (obtained as described below) wvere incubalted in artificial CSF conitatininig 0.1 mMI riboflavini at 37°C undler 95% 02 5% CO2 for various times. At the end of the incubation, the choroid plexus was removed from the incubation medium and placed on a glass slide. A drop of incubation medium was placed on the choroid plexus, which was then gently covered and comnpressecl lightly with a glass cover slip. In some cases, the choroid plexus was wvashed for 2 s in artificial CSF (37°C) before placing the choroid plexus on the glass slide. In these experiments, a drop of artificial CSF, which contained no riboflavin, was placed on the choroid plexus before the glass cover slip was applied. At (7) . After cenitrifugationi at 400 g for 3 inin, the tissue was redispersed and washed twice in 10 ml iced artificial CSF. Then, 400 ,ul of the dispersed brain slices (-30 mg) were added to 25-ml Erlenmeyer flasks containing 3 ml of artificial CSF with 1 mg/ml glucose, ['4C]riboflavin, and various other substances. The incubation was performed under 95% 02:5% C02 at 37°C in a Dubnoff metabolic shaker (80 rpm) for various times (7) . At the end of the incubation, the dispersed brain slices were filtered onto Whatman GF/A Glass Microfibre filter paper discs (Whatman, Inc., Clifton, N. J.) on Buchnier funnels by vacuum and washed with two 5-ml samples of ice-cold artificial CSF. The 14C activity on the filter paper was determined by adding the filter paper to 3.0 ml of H2O, allowing the brain slices and filter paper to sit for 1 h, adding 10 ml of Scintiverse (Fisher Scientific Co., Pittsburgh, Pa.) and measuring the "4C radioactivity in the gel (7) . T/M were obtained by dividing the disintegrations per minute per gram of tissue by the disintegrations per minute per milliliter of medium (7). A 20% weight correction was made for tissue losses during the tissue preparation, incubation, and filtrationi steps (7 and, in some cases, 3.5 ,umol FMN were injected into the left lateral ventricle of sodium pentothal-anesthetized rabbits by previously described methods (4, 6) . After 2 h, the conscious rabbit was reanesthetized and killed with a cardiac puncture through the chest wall. Cisternal CSF was immediately withdrawn and the brain, and choroid plexuses were removed as rapidly as possible. The total 14C and 3H content of the left brain, right brain, CSF, and choroid plexuses were determined (4). The ratios of the 14C to 3H in CSF, choroid plexus, left and right brain homogenates were divided by the comparable ratio in the injectatte in all experiments (4).
Analytical methods and assays. 3H and 14C scintillation spectroscopy were performed as previously described (6) (7) (8) . All samples were made up to 3.3 ml of water and 10 ml of Scintiverse was added (8) . The samples were assayed in a Packard 3375 scintillation spectrometer (Packard Instrumilent Co., Downers Grove, Ill.) (8) .
The concenitration of total riboflavin and the various riboflavin vitamers in various solutions or CSF was determinled fluorometrically (8) .
To determine the purity of the ['4C]riboflavin and the integrity of ['4C]riboflavin after various experimental manipulationrs, chromatography was performie(d in three separate systemiis; DEAE-Sephadlex or Dowex 1 ion exchaniige chromatography (Dow. Corniing Corp., Midland, NMich.) (8, 11) , thinlayer chromatography in sodium phosphate buffer (6) (7) (8) 11) , and Sephadex G-15 or C-10 gel exclusion chromatography (8, 11) . Riboflavin was separatedi from FMN anid FAD on Sephadex G-15 gels; lumiflavin and lumichrome was separated froml riboflavin on Sephadex G-10 gels (11) .
The natuire of the 14C within choroid plexuses and brain slices (that had beeni incubated in media conitaining various concenitrationts of ['4C]riboflavin) wvas determinied by methods previously described in detail thalt used both the column and 3 Sucrose was choseni as an internial standard because it: (a) is not metabolized, (b) traverses the central nervous system by simple diffusion, and (c) is similar in size, shape, and solubility characteristics to penicillin.
thin-layer chromatographic methods described above (8, 11) . In all these assays, to assess recovery, duplicate aliquots of homogenates, the various supernates, and appropriate controis were assayed for 14C activity (8) . were used for comparisons (14) . A P vallue of <0.05 was considered statistically significant.
RESULTS
In previous studies, we have provided indirect evidence that the choroid plexus transports riboflavin from CSF into blood (6, 8) . In Figs. 1 and 2 , the ability of the choroid plexus' epithelial cells to accumulate riboflavin is pictorially confirmed. Within the choroid plexus, there is marked fluorescence of the cytoplasm but not of the nuclei. Under our conditions, no autofluorescence was detectable. In Figs. 3 and 4, the choroid plexus was allowed to accumulate riboflavin for a longer period of time. Then the choroid plexus was rinsed to remove most of the riboflavin in the adherent medium and the fluorescence measured. As can be seen in Fig. 3 , the fluorescence in the choroid plexus epithelial cells is less than in Fig. 1 , whereas the fluorescence at the base of the choroid plexus epithelial cells in the extracellular space and, to a certain extent, in the blood vessels, is much more marked. In Figs. 1-4 and many other photomicrographs (not shown), it is visually apparent that riboflavin can first be concentrated from the medium (corresponding to the CSF in vivo) within the choroid plexus epithelial cells, and then transferred through the epithelial cells into the extracellular space of the choroid plexus. Presumably, when blood is coursing through the choroid plexus in vivo, the riboflavin that has been transported through the epithelial cells from the CSF side would be carried awlay in the blood. There are no tight junctions in the vascular spaces of choroid plexus to inhibit the diffusion of substances from the extracellular space into the vascular space of choroid plexus (15 flavin transport than riboflavin itself (Table I ). Among the bases tested, both quinidine and its stereoisomer quinine inhibited [14C]riboflavin accumulation (1C50 = 100 ,uM) (Table I) . Of the thiol reagents tested, the nonpenetrating thiol reagent 6,6'dithiodinicotinic acid (CPDS) (16) , was a much less potent inhibitor of FIGURE 2 Same specimen as in Fig. 1 photographed with white light. The outer portion of the tissue exposed to the medium and, in vivo, to CSF is the single layer of choroid plexus' epithelial cells that are joined by tight junctions (15) . Within the choroid plexus is the extracellular space of choroid plexus and large vascular spaces (15) . The pink worm-like vascular spaces within the choroid plexus are apparent and due to retained erythrocytes. x339.
FIGURE 4 Same specimen as in Fig. 3 photographed with white light. The pink wormlike vascular spaces within the choroid plexus are apparent. X339.
[14C]riboflavin accumulation than the penetrating thiol reagent N-ethylmaleimide (NEM) ( (Table I) , 0.1 mM concentrations of each of these three flavins were added to the preinctibation media with the thiol reagent in an attempt to protect the choroid plexus from the damage due to the thiol reagent. No protection was seen with NEM (Table II) ; however, with CPDS, the addition of the flavins to the preincubation medium appeared to protect the choroid plexus' ability to accumulate [14C]riboflavin slightly (Table II) Fig. 5 ).
The ability of riboflavin to inhibit competitively the accumuilation of [14C]penicillin by the isolated rabbit choroid plexus during the linear part of the penicillin accumulation process (1) is shown in Fig. 5 . The KT for penicilliin was determineld to be 42 ,uM and the inhibition coinstant (K1) for riboflavin e(ual to 77 ,tM. The KT for riboflavin, when determined directly, was 78 ,tM (8) . As shown in Table I (8) . This process did not depend on intracelltular metabolism or binding of the riboflavin when the riboflavin concentration in the medium was 0.7 ,uM or greater (8) . In vivo, ['4C]riboflavin is rapidly cleared from the CSF after intraventricular injections by a saturable probenecid-sensitive process (6) . The photomicrographs (Figs. 1-4 ) in this studly provide strong, dlirect, pictorial evidlence of the validlity of our previous view that riboflavin is pickedl up from the CSF side ofthe choroid plexusi by the choroi(d plexus epithelial cells and then transferred through these cells into the extracelltular space of the choroid plexusi (6, 8) . If blood were flowing through the choroid plexus, presumably the riboflavin would be transported out of the choroid plextus by the blood. Bresler et al. (10) have published fluorescence photomierographs of fluorescein tranisport by isolated rabbit choroidl plexus in vitro. As with riboflavin, fluorescein is trainsferred from the mediium into the extracellular space of the choroid plexus via the choroid plexus epithelial cells (10) . As with riboflavin, fluioreseein did not enter the erythrocytes within the choroid plexus or the nuclei of the choroid plexus epithelial cells (10) .
The riboflavin actumulaltion system within the choroi(d plexus appearecl to be very seinsitive to the penetratinig thiol agent NEM (Table I ). The nonpenetrating thiol agent CPDS (16) inhibited riboflavin accumulaltion by the isolated choroidl plextus less markedly (Table I ). The addition of flaviins to the preincubation meditum (that cointaiined the thiol reagent) seemed to protect the choroi(d plexusi ability to accumulate [14C]riboflavin when CPDS, but not NEM, was placed in the preincuibation mediuim. These data suggest that: (a) intracellular sulfhydryl groups are necessary for riboflavin accumilulaltion by the choroidl plexus (Tables I andl II) ; and (b) raise the possibility that sulfhydryl groups oIn the membrane surface are involved in the transport of riboflavin through the choroid plexus (Table II) .
Several investigators have suggested that certain (22) . In the kidiney, organic anion transport is atlso inhibited by theophylline in the msediuim (22 Table I ). The ability of fluorescein, penicillin G (Table I ) and probenecid (8) to inhibit ['4C]riboflavin transport is surprising in view of the differences in the structures of the moleculles. In previous studies, we have shown that these weak organic acids are not general inhibitors of choroid plexus transport (1, 4) . Moreover, fluorescein, penicillin, and probenecid are all anions at physiological pH whereas riboflavin is predominantly a neutral, uncharged molecule at pH = 7.0-8.0. Although these molecules are struicturally dissimilar, riboflavin was a competitive inhibitor of [14C]penicillin uptake by choroid plexus (Fig. 5) . The K, for riboflavin (determined in Fig. 5 ) is almost identical to the KT (78 ,M determined directly (8) . On the other hand, the 'C50 for the ability of penicillin to inhibit [14C]riboflavin accumulation by the isolated choroid plexus (-40 AM) (Table I) is about the same as the KT for ["C]-penicillin determined directly (Fig. 5) . In a previous sttudy, the KT for penicillini was 43 ,uM (1). These results strongly stupport the notion that pencillin and riboflavin are transported by the same system within the choroid plexus. Consistent with this view was our finding that in vivo, riboflavin inhibited the transport of penicillin from CSF (Table IV) . We have previously shown that probenecid parenterally increases both penicillin and riboflavin levels in CSF (1, 6) .
Using fluorescenece microscopy, Bresler et al. (10) have shown that fluorescein is concentrated by the isolate(d rabbit choroid plexus by a mechanism very similar to what we have shown for riboflavin as discussed above. The KT for fluorescein accumulation by the choroid plexus is -40 ,uM (10) . In Table I , the 'C50 for fluioresceiin is between 10 and 100 ,mM. These resIlts, taken1 as a whole, are consistent with the view that fluiorescein is transported from CSF to blood through the choroid plexus by the riboflavin transport system. It is likely that p-aminohippurate and probenecid, which are also transported from CSF to bloo1( (2) (Table V) . The addition of lyxoflavin (10 ,M) to the mediuim, although it inhibited the ability of the brain slices to accumulate [14C]riboflavin, did not decrease the percentage of riboflavin phosphorylated within the l)rain slices. Unlike lumiflavin and lumichrome, galactoflavin, lyxoflavin, and isoriboflavin have no inhibitory activity for flavokinase (25, 26) , whereas isoriboflavin does have inhibitory effects on FAD pyrophosphorylase (27) . The lack of effect of galactoflavin and lyxoflavin on the riboflaviin metabolizing enzymiies (flavokinase and FAD pyrophosphorylase) and on intracellular phosphorylation of riboflavin to FMN andl FAD in brain slices strongly suggests that these flaviins inhibit riboflaviin transport into the tissue rather than subsequent phosphorylation and conversion to FAD. These results, taken as a whole, are consistent with our previous view that riboflavin enters the brain slices by facilitated diffusion and is trapped intracellularly as FMN after phosphorylation by flavokinase (7) .
Unlike in choroid plexus, fluorescein, penicillin, and chlorpromazine (all 100 ,uM) as well as (juinidine andl CPDS (both 1.0 mM) did not inhibit [14C]riboflavin accumulation by isolated brain slices. However, NEM (1 mM) did inhibit the accumulation of [14C]riboflavin. The inhibition by NEM suggests the importance of sulfhydryl groups in the process of '4C accumulation by brain slices.
The results reported herein tend to simplify the numerous efflux transport systems reported within the choroid plexus. The iodide and sulfate transport systems within the choroid plexus are separate from the cyclic organic acid (riboflavin) transport system discussed herein (Table I) (1) (2) (3) . Our finding that penicillin and probably fluorescein travel on the riboflavin transport system of the choroid plexus of rabbits suggests that many other organic acids that are transported from CSF may also travel on the riboflavin transport system. In man, there is very strong indirect evidence that these systems exist (5, 28). As discussed above, the transport of these substances out of CSF may cause therapeutic problems due to low drug levels in CSF (4, 5) .
The reason for the riboflavin carrier in the central nervous system is not completely clear. However, as we previously discussedl (6) , it is probably there to protect the CNS froml excessive riboflavin coneeintratioins anid help provide homiieostasis of total riboflavin within the brain. As in the choroidl plexuis, riboflavin is transported in gut, kidney, an(l liver b)y specialized processes (29) . There is strong evidcence that riboflavin and Nweak cyclic organiie acidls (e.g., p-amiiniolhippurate) are secreted into the urinie l)v a sinigle low-affinity, highcapacity, probenecid-sensitive saturable transport mechanism (29, 30) . The humnlani gut has a saturable absorptive systemii for riboflavin (29) and the biliary tract also is able to secrete large amiiouniits of riboflavin from the 1)lood into the l)ile (29, 31) .
In conclusion, the brain appeatrs to be protected from fluctuations in dietary intake of riboflavin by several mechani;isms. First, there is the saturable absorptive system in the gut (29) ; second, there are mechanisms in the biliary tract andcl kidney either to conserve or excrete excessive amounts of riboflavin (29) (30) (31) , and finally there are riboflavin transport systems at the blood-brain barrier, in the brain cells themselves, and within the choroid plexus that all tend to maintain constant total riboflavin levels in brain (6) (7) (8) . By chance, several exogenous substances, including penicillin, appear to travel on the riboflavin transport systems in choroid plexus and, probably, the renal tubules. In some cases, transport of drugs from essential loci (e.g., the CSF) complicates therapy.
